Radiotelemetric sensors for in vivo assessment of blood pressure and heart rate are widely used in animal research. MRI with implanted sensors is regarded as contraindicated as transmitter malfunction and injury of the animal may be Q1 caused. Moreover, artefacts are expected to compromise image evaluation. In vitro, the function of a radiotelemetric sensor (TA11PA-C10, Data Sciences International) after exposure to MRI up to 9.4 T was assessed. The magnetic force of the electromagnetic field on the sensor as well as radiofrequency (RF)-induced sensor heating was analysed. Finally, MRI with implanted sensor was performed in a rat. Imaging artefacts were analysed at 3.0 and 9.4 T ex vivo and in vivo. Transmitted 24 h blood pressure and heart rate were compared before and after MRI to verify integrity of the telemetric sensor. The function of the sensor was not altered by MRI up to 9.4 T. Maximum force exerted on the sensor was 273 ± 50 mN. RF-induced heating was ruled out. Artefacts impeded the assessment of the abdomen and thorax in a dead rat,but not of the head and neck. MRI with implanted radiotelemetric sensors is feasible in principal. The tested sensor maintains functionality up to 9.4 T. Artefacts hampered abdominal and throacic imaging in rats,while the assessment of head and neck is possible. 
Introduction
Radiotelemetric methods have been applied successfully in a number of studies for continuous monitoring of physiological parameters in freely moving animals (Brockway et al 1991 , Lemmer 2006 , Mattes and Lemmer 1991 . In contrast to the tail-cuff method, for which the animals have to be placed within a restrainer (Abu-Taha and Lemmer 2007) , radiotelemetric devices allow monitoring and analysis of circadian rhythms of e.g. blood pressure, heart rate, Q3 motility or body temperature in unrestrained small rodents under physiological conditions (Abu-Taha and Lemmer 2007 , Lemmer 2006 ). Radiotelemetry does not induce stress reactions Q4 or an increased sympathetic tone which would affect heart rate and blood pressure in these animals and lead to errant readings.
In recent years, magnetic resonance imaging (MRI) has become a frequently applied technique for all kinds of studies in small rodents (Brockmann et al 2007 , Gilson and Kraitchman 2007 , Malott 1987 , Nolte et al 2007 , Shellock 1988 . MRI allows Q5 repeated non-invasive analyses of anatomical structures, functional parameters and pathophysiological changes at high temporal, spectral and spatial resolution. However, there are different restrictions to MRI due to the strong static magnetic field, high radiofrequency (RF) and gradient fields limiting compatibility with most technical devices and ferromagnetic objects, which can disturb the magnetic field and hamper proper imaging (Schenck 1998) . Vice versa, electronic devices may be damaged and may not work properly after exposure to the magnetic field. Furthermore, ferromagnetic objects may be attracted or torqued by the Q6 enormous magnetic field and may pose a threat to the animal in the MRI due to dislocation of the object (Malott 1987 , Schenck 1998 , Young 2000 , while the currents induced in the body by the RF field may also be concentrated by an implant, resulting in potentially dangerous heating of surrounding tissues (Buchli et al 1988 , Nordbeck et al 2011 , Nyenhuis et al 2005 . All of the aforementioned points must be considered problematic for radiotelemetric transmitters used for longitudinal studies in small rodents.
Performing a Medline search, we found no study investigating whether and to what degree radiotransmitters used for continuous monitoring of small rodents are affected by MR imaging. The aim of our study therefore was to analyse the MRI resilience of a radiotransmitter frequently applied for animal experiments.
Materials and methods

The radiotelemetric transmitter
An implantable radiotransmitter (TA11PA-C10; Data Sciences International, Inc., St. Paul, MN, USA) with a volume of 1.1 ml (weight 1.4 g) was used for the underlying studies ( figure 1(A) ). The cylindrical radiotransmitter is 15 mm long (diameter 10 mm), contains a battery and electronic modules for signal measurement and transmission (operational frequency of 455 kHz) enclosed in a thin biocompatible packaging made of high-density polyethylene (white semi-translucent plastic covering the sensor in figure 1(A) ). A 40 mm long polyethylene/polyurethane catheter arises from the transmitter (white arrowheads in figure 1(A) ). This catheter is usually implanted in the abdominal aorta and transfers pressure from the tip of the catheter to a pressure sensor located in the transmitter packaging, hereby allowing the measurement of systolic and diastolic blood pressure, heart rate and motility of the animal. The signals emitted by the radiotransmitter are received by flat panel receiver (BPR86; Data Sciences International) placed beneath the animal's cage ( figure 1(B) ). A complete monitoring system consists of the above-described radiotransmitter and receiver International, Inc.) for repeated non-invasive measurement of blood pressure and heart rate used in the underlying study. The cylindrical sensor measures 15 × 10 mm (volume of 1.1 ml; weight 1.4 g) and is enclosed within a thin biocompatible packaging made of high-density polyethylene. A 40 mm long PE catheter (white arrowheads) is usually implanted in the abdominal aorta and transfers pressure from the tip of the catheter to a pressure sensor (ps) located in the transmitter packaging. (B) The radiotelemetric system comprises a flat panel receiver, which is placed beneath the animal's cage. (C) A micro-CT scan illustrates the structural setup of the radiotransmitter (rs = magnetic reed switch; fc = flex circuit with miniature electronics; b = battery; tc = transmission coil; ps = pressure sensor; fr = ferrite ring around the pressure sensor).
panel, as well as a consolidation matrix (BCM-100), a PC-card (DQ-1088) and accompanying software (Dataquest IV; all components by Data Sciences International).
A micro-CT scan of the radiotransmitter (figure 1(C)) was performed to provide a schematic view of the construction and its components.
MRI facilities
Imaging and sensor testing was performed using a clinical 3.0 T scanner (Magnetom Siemens, Erlangen Germany) and using a small bore (20 cm) dedicated animal scanner operating at a field strength of 9.4 T (BioSpec 94/20; Bruker, Karlsruhe, Germany)
Sensor-induced artefacts at 3.0 and 9.4 T ex vivo
To compare artefacts induced by the sensor, the sensor and a plastic grid were immersed in 0.9% NaCl and MR imaging was performed at 3.0 and 9.4 T (see below). The alignment of the sensor in the grid was analogous to that of a sensor implanted in an animal. The signal decay was quantified as described elsewhere , Shellock and Valencerina Q7 2008 , Shellock et al 2007 . In brief, the signal decay was quantified by measuring the extent of complete signal loss arising from the transmitter (see figure 2) . The image display parameters (i.e. window and level settings, magnification, etc) were carefully selected and used consistently to guarantee valid measurement of the size of the induced artefacts. Similarly, we quantified signal distortion by determining the minimal distance from the sensor where no distortion of the grid was detectable. Measurements of signal loss are given as a means of two measurements.
Finally, the sensor was implanted in the abdominal cavity of a dead rat and MRI at 3.0 and 9.4 T was performed.
The following sequence parameters were used.
3.0 T: 
Magnetically induced displacement force
Linear displacement force is maximal when a magnetically responsive material is oriented parallel to the static magnetic field and when the material is located at the entry level of a scanner where the external field gradient is maximal.
To quantify the induced displacement force, the device was suspended by a thin string connected to a spring balance, positioned at the centre of the scanner's entry level and the induced magnetic force in the Z-direction (i.e. the axis parallel to the magnet bore) was measured (method modified from (Kumar et al 2006) ) at 3.0 and 9.4 T.
MRI resilience of the radiotransmitter and RF-induced sample heating
The in vitro experiments aimed at investigating the resilience of the radiotelemetric device to the magnetic field. The tests were performed at 9.4 T.
Prior to all of the following experiments, the radiotransmitter was tested for proper functioning by turning the device on and off and checking the received signal using a radioreceiver. For the first experiment, the radiotelemetric sensor was turned off and placed at the isocentre of the magnet bore. Afterwards, the sensor was taken out of the scanner room again, turned on and tested for proper functioning by applying soft pressure to the sensor tip, resulting in changes in the frequency of the signal emitted by the sensor. Next, MR sequences producing high levels of RF and sequences with strong gradients were applied to the sensor placed at the isocentre of the magnet. After the measurements, the radiotransmitter was taken out of the scanning room again and tested for proper functioning.
To rule out relevant RF-induced sample heating, two plastic vials were filled with 20 ml of 0.9% sodium chloride each. Two holes to fit the vials were drilled into a piece of styrofoam (13 × 7 × 7 cm). The radiotelemetric sensor was placed in one of the sodium chloride filled vials, while the second vial functioned as a negative control. Both vials were closed with a similar tip with a small hole in it. The hole was closed with a strip of scotch tape. The piece of styrofoam containing both vials was transferred into the magnet room to allow the solution to stabilize at room temperature overnight.
Prior to MRI, the probe of a thermometer (Testo 720; Testo Germany, Lenzkirch, Germany) was inserted via the small holes in the tip of the vial and the temperature of the sodium chloride in both vials was measured. The hole in the tip of the vials was closed again using a scotch tape and a styrofoam cube containing both vials was placed at the isocentre of the respective MRI scanner. Temperature of the sodium chloride in both vials was assessed before and after each of the following sequences with a high potential for RF-induced sample heating. • EPI-DWI (b-values 0, 500, 1000): TR = 3800 ms, TE = 91 ms, 10 slices, pixel bandwidth = 1240 kHz, FoV = 179 × 250 mm, MT = 138 × 192, slice thickness = 4 mm, 32 averages, acquisition time: 14 min 24 s. The sequence was repeated once (total acquisition time: 28 min 48 s).
• 
In vivo testing of the MRI resilience of the radiotelemetric transmitter
After successful in vitro experiments, the radiotelemetric transmitter was implanted in rats as described below and tested at different field strengths to rule out the dislocation of the implanted radiotransmitter due to the magnetic field force. Furthermore, we investigated to what degree the radiotransmitter induces artefacts. Experiments were conducted in accordance with the Guide for the Care and Use of Laboratory Animals as published by the National Institutes of Health and the recommendations for chronobiological research (Touitou et al 2006) and were in accordance with German Federal Regulations (RP Karlsruhe).
Male Wistar rats (strain Crl: (WI) BR, Charles River, Sulzfeld, Germany) were obtained at the age of eight weeks, kept under constant environmental conditions with free access to food and tap water and a light-dark cycle of 12:12 h with lights on from 07.00-19.00 h. At the age of 10 weeks the telemetry transmitter was implanted into the abdominal aorta for monitoring circadian rhythms in blood pressure, heart rate and motor activity of the animal as described elsewhere (Lemmer et al 1993) .
One week after the implantation, the radiotransmitter was switched on again and blood pressure, heart rate as well as motor activity were measured continuously every 6 min for 24 h. The data were analysed and evaluated using the Chronos-Fit program (Zuther et al 2009) . Measurements before and after the MRI were compared using Student's t-test with a significance level of 0.05. Prior to MRI the animals underwent CT to confirm correct localization of the implanted sensor. Next, MRI was performed at 3.0 and at 9.4 T (as demonstrated in figures 3 and 4) . After the MRI, a CT scan was performed again to rule out the dislocation of the implanted sensor. 
Results
Resilience of the radiotransmitter to MR imaging in vitro
Exposure to the magnetic field strength of the 9.4 T scanner did not impair the function of the radiotransmitter. Likewise, exposure to MRI sequences, especially those producing lots of RF (Turbo-RARE) and those with strong gradients (EPI-singleshot) did not alter the functionality of the radiotransmitter. However, we infrequently observed that the initially switched-off sensor was switched on during the MRI examination. Thus, it is important to verify that the radiotransmitter is switched off after MRI in order to maintain battery life.
Sensor-induced artefacts at 3.0 and 9.4 T
At 3.0 T, the signal loss arising from the sensor extended up to 71 ± 2 mm in T1-SE, 79 ± 3 mm in T2-SE, 55 ± 3 mm in T1-flash3D, 59 ± 3 mm in T2-HASTE and 92 ± 2 mm in T2-flash2D ( figure 2(A) ). At 9.4 T, complete signal loss arising from the sensor extended up to 37 ± 2 mm in T2-MSME (equivalent to T2-SE), 38 ± 2 mm in T1-flash3D, 10 ± 2 mm in T2 RARE, 56 ± 4 mm in the DWI and 56 ± 3 mm in T2-flash 2D (figures 2(B) and (C)). In T1-MSME (equivalent to T1-SE), strong distortions were perceivable up to a distance of approximately 20 mm from the sensor. In other sequences, distortions around the signal loss were hardly detectable. The susceptibility artefacts spread up into the thorax of the rat at a field strength of 3.0 and at 9.4 T (figures 3 and 4, respectively). MRI sequences sensitive to artefacts like diffusionweighted imaging at 9.4 T (EPI-DWI, figure 4(C)), which are of interest in stroke research, are feasible with the sensor implanted. However, in smaller animals like mice the artefacts are likely to impede imaging of the head of the animal, while in larger animals (e.g. rabbits) even thoracic structures might be visualized.
Magnetically induced deflection force
The magnetically induced force at the centre of the scanner's entry level was 263 ± 25 mN at 3.0 T (local static magnetic field 526 mT) and 273 ± 50 mN at 9.4 T (539 mT).
The RF-induced heating of the sensor
The increase of temperature of 20 ml of sodium chloride in two vials with one of the vials additionally containing the radiotelemetric sensor was measured. The vial only containing the fluid served as a negative control. At both field strengths, no significant changes of temperature (A) (B) Figure 5 . Circadian rhythms in systolic and diastolic blood pressure in a Wistar rat monitored over 24 h one week before (A) and one week after MRI (B) at field strength of 9.4 T. No significant differences between both measurements pointing towards a sensor malfunction were detectable (p < 0.05). compared to the initial temperature before MRI as well as compared to the negative control were detectable (p < 0.05).
The function of the implanted sensor after exposure to MRI
Following the in vitro experiments indicating MRI compatibility of the radiotelemetric transmitter, one sensor was implanted in a rat and the animal underwent MRI at 3.0 and 9.4 T to show that MRI does not change the function of the radiotransmitter. Recordings of the 24 h profiles in blood pressure, heart rate and motility of the rat performed one week after the MRI did not show any differences (p > 0.05) compared to the measurements before MRI (table 1). Figure 5 shows example blood pressure profiles. No dislocation of the sensor was observed after MRI scanning (CT scans before and after MRI; autopsy).
Discussion
Our results for the first time demonstrate basic MRI resilience of the radiotelemetric sensor tested in this study. Exposure to the static magnetic field of a dedicated 9.4 T animal scanner did not alter proper functioning of the device. Neither did exposure to different MRI-sequences alter function of the tested device, nor did we observe relevant RF-induced heating. However, we infrequently observed the radiotransmitter to be turned on after MRI, although it was switched off before. This finding can be explained by the built-in magnetically actuated onoff mechanism (a so-called reed switch) of the device, which may be influenced by the static magnetic field itself or more probable by the fast and strong changes of the magnetic field due to the gradient coils of the MR. Besides these in vitro findings, the results of our in vivo studies are even more important. Since the device is implanted into the peritoneal cavity and the tip of the sensor catheter is placed in the abdominal aorta, dislocation of the radiotelemetric sensor within the peritoneal cavity due to strong magnetic fields could move the tip of the sensor out of the aorta and result in life-threatening hemorrhage. Movement of the sensor itself could furthermore damage intraabdominal organs. But despite these risks, we found that the sensor fixed within the peritoneal cavity did not dislocate. In addition, we found that development of scar tissue around the sensor provides additional sufficient fixation as determined by post-mortem analysis of the animal.
To quantify the displacement force, we additionally analysed the magnetically induced displacement force on the sensor ex vivo. As expected, the magnetically induced force was highest in the small animal scanner operating at 9.4 T. The relatively small difference in comparison to the clinical 3.0 T scanner is due to the better electromagnetic shielding of the animal scanner. These measurements show that while the magnetically induced force was not high enough to dislocate the implanted sensor in our setting, there is still considerable force that should be taken into account when performing animal experiments especially in early phases of scar formation after implantation of the sensor.
Basically, it is most important that the functionality of the sensor to measure the blood Q8 pressure and heart rate was not affected by MRI. The battery worked well after MRI. Whether there are effects on battery longevity remains to be evaluated in a longitudinal trial. It is noteworthy to mention that the radiotransmitter is turned on inconsistently during MR imaging. Thus, after each MR examination it has to be assured that the radiotransmitter is still turned off in order to save the battery life.
The most important restriction found was that the size of susceptibility artefacts made investigation of the abdominal and thoracic organs impossible in the rat species, even at the lower field strength of 3.0 T. Nevertheless, imaging of the head and neck was possible. It has to be kept in mind that distortions arising from the susceptibility artefacts depend on several factors such as the alignment of the implanted sensor, the size of the animal used and the chosen sequence. Furthermore, the distortions might not affect qualitative analyses (e.g. identification of cerebral infarction in animals), but could hamper more detailed and quantitative analyses. Optimization of imaging parameters might further help to diminish susceptibility artefacts.
Unfortunately, the measurement of hemodynamic parameters by radiotelemetry is not possible during the MR examination at the moment.
Future advances in sensor technology are needed to maintain the sensor status (on/off) after MR scanning or even to maintain the sensor function during the scan. The latter would facilitate the analysis of the animal stress reaction during the MRI. A second possible improvement is the construction of a sensor inducing less susceptibility artefacts to allow the scanning of the abdomen and thorax.
In conclusion, we found that the radiotelemetric sensor TA11PA-C10 maintains its function after MR imaging using a clinical scanner operating at 3.0 T and a dedicated small animal scanner operating at 9.4 T. We furthermore found that MRI with the radiotelemetric sensor implanted in the abdominal cavity is feasible in rat without injury to the animal or damaging the radiotelemetric sensor. However, imaging artefacts hampered proper imaging of the abdomen and thorax in rats, while imaging of head and neck is not impeded.
